Abstract. Combination therapy of adenoviral gene therapy and a histone deacetylase (HDAC) inhibitor is important due to the enhancing effect of HDAC inhibitors on adenoviral transduction and transcription. However, contradictory results have been reported on the effect of combination of CRAd (conditionally replicating adenovirus) and HDAC inhibitors. This study was designed to investigate the interaction of CRAd and HDAC inhibitors and determine the ideal way to combine the two agents. Combination of HDAC inhibitors (SK7041, SBHA and vorinostat) at pre-and post-transductional periods with CRAd enhanced the transduction of CRAd and expression of luciferase expression from Δ24-luc in vitro. However, suppression of luciferase expression from Δ24-luc injected tumor mass was observed by in vivo tumor bioluminescence imaging and drug interaction analysis also showed an antagonistic interaction that was probably related with the inhibitory effect of the HDAC inhibitor on adenoviral replication. Suppression of p21 induction by p21 siRNA reversed the suppressive effect of vorinostat on the replication of CRAd, but still failed to reverse the antagonistic interaction. Addition of vorinostat at the pre-transductional period revealed an improvement in the transduction efficiency of CRAd and also induced a synergistic interaction between CRAd and vorinostat, which was possibly related with prevention of the suppressive effect of vorinostat on adenoviral replication. In conclusion, the addition of HDAC inhibitor before CRAd injection showed synergistic antitumor effects, which warrants further investigation on the sequence of HDAC inhibitor and CRAd treatment in an animal tumor model.
Introduction
Gene therapy for cancer has been investigated for a long time without a remarkable clinical impact. Low gene transfer rate is a major limitation for a successful gene therapy for cancer. Many experiments have reported improvements in the gene transfer rate and oncolytic virus (conditionally replicating adenovirus: CRAd) is one such example. The principle behind an oncolytic virus is the development of a viral vector that can replicate in certain conditions specific for cancer, such as p53 mutation (1) , pRB/p16 inactivation (2, 3) and the presence of telomerase (4) . Specific replication of virus in infected cancer cells induces cell lysis and the release of virus in the tumor microenvironment, after which viral vectors infect surrounding cancer cells, resulting in lateral spreading of the virus into the tumor mass.
Several steps are required for successful oncolytic viral therapy including CRAd. Highly efficient and selective transduction of CRAd into cancer cells is the first step which requires strong CAR expression on cancer cell surfaces. Highly effective transcription followed by translation of adenoviral genes is the second step, and highly efficient replication of adenovirus and subsequent cytolysis and release of adenovirus is the third step. Effective lateral spreading within the tumor is the final step for successful oncolysis (5) .
Combination of HDAC inhibitors with adenovirus is another attractive strategy for cancer gene therapy. In 2001, our group reported that sodium butyrate, an HDAC inhibitor, improved antitumor effects of adenovirus-p16 by enhancing CAR expression followed by increasing the gene transfer rate (6) . Many HDAC inhibitors have been reported to augment adenoviral gene therapy by enhancing CAR expression (7) (8) (9) (10) . Furthermore, HDAC inhibitors were found to enhance the transcription of adenoviral transgenes in target cells (11, 12) . Strong synergistic interactions were found in various HDAC inhibitors and adenoviruses with the therapeutic gene (7, 8, 12) .
Encouraged by the synergistic interaction of HDAC inhibitors and adenovirus, there have been several reports on the combination of HDAC inhibitors and CRAd (13) . However, contradictory results have been reported. Hoti et al reported that a HDAC inhibitor, valproic acid, inhibited the replication of adenovirus and consequently antagonized the cytotoxic activity of oncolytic adenovirus. They also suggested that increased p21 expression due to valproic acid was a causative mechanism of this antagonistic interaction (14) . Another report showed that antitumor activities of oncolytic adenoviruses (ONYX-015, Δ24) were enhanced by RNA interferencemediated suppression of p21 (15) . It has also been reported that armed CRAd that expressed p21 shRNA showed higher stronger antitumor activity by breakdown of p21, the inhibitor of viral replication, due to RNA interference of p21 shRNA (16) .
In contrast, several reports demonstrated that HDAC inhibitor was able to enhance the antitumor effect of oncolytic virus. Watanabe et al (17) reported that the replication-competent adenovirus (OBP-301) and the HDAC inhibitor (FR901228) showed synergistic interaction in lung cancer cell lines (A549 and NCI H460) by increasing adenovirus infectivity via up-regulation of CAR. Bieler et al (18) also reported that the triple combination of the HDAC inhibitor (trichostatin A), with chemotherapy (irinotecan) and an oncolytic adenovirus (dl520) showed synergistic interaction partly due to CAR up-regulation. Another oncolytic virus (vesicular stomatitis virus) as well as HDAC inhibitors showed synergistic interaction by dampening the innate immunity towards the oncolytic virus (13, 19) . In another report, transfection of p21 promoted oncolytic adenoviral activity in ovarian cancer by increasing E1A expression (20) .
Therefore, we investigated the interaction of CRAd (Δ24) and several HDAC inhibitors in lung cancer cell lines to address these contradictory findings.
Materials and methods
Cell lines and animals. Human lung cancer cell lines (A549, NCI H460) were purchased from the American Tissue Culture Collection (Manassas, VA, USA). BALB/c nude mice were obtained from Japan SLC (Hamamatsu, Japan) and all animal experiments were approved by the Institutional Review Board (IRB) of Seoul National University Hospital.
Recombinant adenoviruses. Conditionally replicating adenoviruses (Δ24) were provided by David T. Curiel (University of Alabama at Birmingham, USA). Δ24-luc (Δ24 expressing luciferase) was provided by Victor van Beusechem (VU University, The Netherlands). Ad-luciferase (Ad-luc) was a CMV promoter driven, E1-deleted and replication-defective adenovirus generated in our laboratory.
HDAC inhibitors. SK7041, structurally composed of hydroxamic acid and benzamide (21) , was a gift from Professor Y.J. Bang (Seoul National University Hospital). SBHA (suberoyl bishydroxamic acid) was purchased from Calbiochem (La Jolla, CA, USA In vivo tumor imaging for luciferase expression. A549 lung cancer cells (2x10 6 cells/mouse) were injected into the right thighs of nude mice (female BALB/c, 6 weeks-old). Measurable tumors of 7 to 8 mm diameter were formed at 2 weeks. Vorinostat (30 mg/kg) in 100 µl phosphate-buffered saline (PBS) or 100 µl PBS were injected into the peritoneum of nude mice. The following day, Ad-luc (2x10 8 pfu) or Δ24-luc (2x10 
Analysis of cell cycle-related proteins after HDAC inhibitor treatment.
Lung cancer cells (A549 and NCI H460) were treated with HDAC inhibitors (vorinostat, SBHA and SK7041) at the indicated concentrations for 48 h. After extraction of the proteins, a Western blotting assay for pRb, p21 and p16 was performed using the SuperSignal West Pico chemiluminescent substrate kit (Thermo Scientific, Rockford, IL, USA).
Suppression of the vorinostat-induced p21 expression by
transfection of p21 siRNA. Lung cancer cells (A549 and NCI H460) were transfected with p21 siRNA or scrambled RNA. Cells were treated with vorinostat (1 µM) 6 h after transfection, Western blotting assay for p21 was performed 48 h after vorinostat treatment.
Change of luciferase expression from Δ24-luc by p21 siRNA transfection. A549 cells were transfected with p21 siRNA (10 and 20 nM) for 6 h after which cells were transduced with Δ24-luc (MOI, 10) and vorinostat (1 µM). An in vitro luciferase assay was performed after 48 h.
Effects of HDAC inhibitors on replication of CRAd in lung cancer cells.
To analyze the effect of HDAC inhibitors on the replication activity of CRAd, which is an essential characteristic of CRAd, A549 lung cancer cells (1x10 6 cells in 100-mm plate) were transduced with Δ24 (MOI, 1) and treated with HDAC inhibitors (SK7041, 100 nM; SBHA, 10 µg/ml; vorinostat, 1 µM). At 48 h after incubation, the adenovirus was harvested by cell lysis and concentrated by Centriplus YM-50 (Amicon, Millipore Corp. Bedford, MA, USA). Quantities of retrieving adenoviruses were calculated by measuring adenoviral concentration [tissue culture infectious dose (TCID)50 method] and lysate volume. To confirm the role of induced p21 by vorinostat on adenoviral replication, the same experiment was repeated with vorinostat after p21 siRNA transfection to A549. Δ24 and vorinostat after p21 siRNA transfection. Lung cancer cells (A549 and NCI H460: 3x10 4 cells/well in 96-well plates) were transfected with p21 siRNA (20 nM) or scrambled RNA for 6 h and treated with Δ24 and vorinostat (pre-and post-transductional) at various concentration combinations. At 72 h after transduction, cell survival was measured by the MTS assay and drug interaction was analyzed using the Calcusyn software (Biosoft, Ferguson, MO, USA).
Drug interactions between

Effect of pre-or post-transductional vorinostat treatment on luciferase expression from Δ24-luc transduced cells.
To differentiate the effect of vorinostat on the transduction or transcription of Δ24-luc, lung cancer cells (A549 and NCI H460) were transduced with Δ24-luc (MOI, 1) and treated with vorinostat (2 µM) for 24 h before (pre-transduction) or for 24 h after (post-transduction), or 24 h before and after transduction (pre-and post-transduction). The luciferase assay was performed 24 h after transduction.
Combination effects of pre-transductional vorinostat on cytotoxicity of CRAd. To investigate the combination effect of pre-transductional treatment of vorinostat on cytotoxicy of CRAd, lung cancer cells (A549) were treated with vorinostat (0.1-5 µM) for 24 h and the media was removed by vigorous washing. Cells were treated with Δ24 (MOI, 1-10) for 1 h and complete media without vorinostat was replaced. The MTS assay was performed 96 h after transduction and drug interaction was analyzed.
Results
HDAC inhibitors increase the expression of CAR in lung cancer cell lines.
The addition of SK7041, SBHA and vorinostat increased the expression of CAR in lung cancer cell lines (A549 and NCI H460) in a dose-dependent manner (Fig. 1A) .
HDAC inhibitors increase the in vitro luciferase expression from Δ24-luc. The luciferase assay from Δ24-luc transduced lung cancer cells revealed that addition of all HDAC inhibitors (pre-and post-transductional) enhanced the expression of luciferase, a transgene of Δ24-luc (Fig. 1B) . This showed the potential of HDAC inhibitors for combination therapy with CRAd and HDAC inhibitors. or 100 µl of PBS was injected into the peritoneum on day 0 and day 2. On day 1, Ad-luc (2x10 8 pfu) or Δ24-luc (2x10 8 pfu) were injected intratumorally. On day 4, D-luciferin (5 mg/mouse) was injected into the peritoneum, and tumor in vivo bioluminescence imaging was captured after 10 min. Bioluminescence for Ad-luc injected tumor increased by vorinostat, but that from the Δ24-luc injected tumor decreased.
Suppression of in vivo luciferase expression in Δ24-luc injected tumors by the HDAC inhibitor, vorinostat.
Encouraged by the in vitro data, we proceeded to a similar experiment in an animal tumor model using in vivo tumor imaging for luciferase. Vorinostat increased the expression of luciferase in tumors injected with Ad-luc as was expected. However, the expression from the Δ24-luc injected tumor was suppressed by vorinostat (Fig. 2) . From this contradictory finding, we speculated that a different mechanism may exist in vitro and in vivo.
Antagonistic interactions of HDAC inhibitors and CRAd on cytotoxicity in lung cancer cell lines.
We analyzed the interaction of HDAC inhibitors and CRAd (Δ24) on the cytotoxicity of lung cancer cells using the Calcusyn software. SK7041, SBHA and vorinostat showed antagonistic rather than additive or synergistic interaction in the A549 (Fig. 3) and the NCI H460 cell lines.
Effects of HDAC inhibitors on cell cycle-related proteins.
HDAC inhibitors increased the expression of p21. However, absence of p16 expression in lung cancer cell lines (A549 and NCI H460) remained unchanged by HDAC inhibitors. Also, pRb levels decreased by the addition of HDAC inhibitors (Fig. 4A) , and the transfection of p21 siRNA effectively suppressed p21 expression induced by vorinostat (Fig. 4B) .
Increased luciferase expression by p21 siRNA transfection from lung cancer cells treated with Δ24-luc and vorinostat.
As showed in Fig. 1B, vorinostat (1 µM) increased the expression of luciferase. Furthermore, p21 siRNA transfection (10 or 20 nM) induced a further increase of luciferase expression (Fig. 4C) .
Decreased replication of CRAd by HDAC inhibitors reversed by p21 siRNA transfection.
We calculated the replication ability of Δ24 in A549 cells in media containing HDAC inhibitors. Three HDAC inhibitors (SK7041, SBHA and vorinostat) were found to decrease the replication of Δ24 in A549 (Fig. 5A) . However, suppression of p21 expression by p21 siRNA effectively reversed the replication ability of Δ24 (Fig. 5B) .
Transfection of p21 siRNA could not reverse the antagonistic interaction of Δ24 and pre-and post-transductional vorinostat.
Drug interaction analysis by the Calcusyn software revealed that suppression of p21 expression by p21 siRNA still failed to reverse the antagonistic drug interaction between Δ24 and vorinostat ( Fig. 5C and D) even though p21 siRNA reversed the replication ability of Δ24.
Pre-or post-transductional vorinostat increases luciferase expression from Δ24-luc-transduced lung cancer cells.
Pre-transduction, post-transduction and both pre-and post-transduction vorinostat increased the expression of luciferase, but the enhancement of luciferase expression was the weakest in pre-transductional vorinostat (Fig. 6A and B) . This finding is consistent with our previous experiment that vorinostat showed a dual effect on adenoviral gene expression by increasing transduction through elevated CAR and by increasing transcription of the adenoviral transgene (12) . Δ24 on lung cancer cells. In contrast to pre-and post-transductional vorinostat (Fig. 3) , pre-transductional treatment of lung cancer with vorinostat increased the cytotoxicity of CRAd (Δ24) on lung cancer cells (Fig. 6C and D) . This synergistic effect may be related to the increased transduction of Δ24 mediated by increased CAR expression induced by vorinostat.
Pre-transductional vorinostat increases the cytotoxic effects of
Discussion
Contradictory results have been reported on the combination effect of CRAd and HDAC inhibitors (13) . HDAC inhibitors are widely investigated for combination therapy with adenoviral gene therapy since they can increase the expression of CAR, which is a major cellular receptor for adenovirus entry on the cell surface, resulting in the enhanced transduction of the adenovirus. Therefore, it is logical to investigate the combination therapy of CRAd and HDAC inhibitors. Effective transduction into target cells, high transcription and expression of viral proteins, as well as highly efficient viral replication in cells are essential for the successful antitumor effects of CRAd (5).
We found that the addition of HDAC inhibitors (SK7041, SBHA and vorinostat) increased CAR expression in the lung cancer cell lines tested. Furthermore, HDAC inhibitors also increased luciferase expression from Δ24-luc (CRAd carrying luciferase reporter gene). These findings strongly suggest that HDAC inhibitors increased the transduction efficiency of CRAd and the transcription of the transgene of CRAd.
However, intraperitoneal injection of vorinostat clearly decreased the expression of luciferase from Δ24-luc injected tumor mass in animal tumor models and combination therapy of HDAC inhibitor and CRAd in lung cancer cell lines showed an antagonistic interaction.
How can we explain these contradictory results? In the in vitro experiment, transduction and transcription of Δ24-luc were more important for luciferase expression compared to the replication of Δ24 in tumor cells. However, replication and lateral spread of CRAd was more important for luciferase expression than Δ24-luc injected tumor in the in vivo tumor model and the in vitro cytotoxicity assay.
As reported already (14) , increased p21 expression due to HDAC inhibitors seems to be a causative mechanism since the addition of HDAC inhibitors to CRAd-transduced lung cancer cells reduced the numbers of CRAd from cells while silencing of p21 expression by p21 siRNA increased the replication of CRAd. Furthermore, p21 siRNA treatment as well as vorinostat also increased luciferase expression and replication of CRAd.
Therefore, we confirmed that concurrent treatment of HDAC inhibitors and CRAd induced antagonistic interactions due to reduction of CRAd replication, even though HDAC inhibitors increased adenoviral transduction and transcription.
How can we solve this discrepancy? For successful oncolysis by CRAd, high transduction and transcription rate and efficient replication are essential. Suppression of p21 induction by HDAC inhibitors using RNA interference technique could be an attractive strategy. Shiina et al (15) suggested that the cytopathic effect of CRAd (ONYX-015, Δ24) and the production of adenoviruses were enhanced by siRNA-mediated knockdown of p21. Oncolytic adenovirus expressing therapeutic genes (armed therapeutic oncolytic adenovirus) could be a realistic solution. Oncolytic adenovirus expressing siRNA may induce the synergy between oncolysis due to CRAd, and the antitumor effect due to siRNA (22) . A CRAd expressing p21 shRNA seems to be a reasonable alternative to suppress p21 (16) . It was demonstrated that CRAd carrying p21 shRNA showed an increase in viral replication and viral oncolysis of prostate cancer cells and prevention of tumor growth by intratumoral injection. However, p21 siRNA transfection failed to reverse the antagonistic drug interaction between CRAd and vorinostat. Furthermore, applying p21 siRNA in a clinical setting is not a realistic option.
According to our current results and previous reports on CRAd and HDAC inhibitors, it is reasonable to summarize that HDAC inhibitors increased the transduction of CRAd by enhanced CAR expression and increased the transgene expression of CRAd by stimulation of the transcription of the viral transgene. However, HDAC inhibitors inhibited the replication of CRAd following p21 induction.
Is there any other strategy to overcome this dilemma? A pharmacokinetic study of vorinostat revealed that the t½ (halflife) of vorinostat was 1.8 h after single injection and most of vorinostat was cleared 8 h after injection in humans (23) .
We hypothesized that exposure of vorinostat only before transduction of CRAd could improve the antitumor effect of CRAd by increasing transduction and transcription and by avoiding the inhibitory effect on viral replication. We analyzed the enhancing effect of vorinostat on Δ24-luc expression according to the timing and duration of vorinostat treatment. Both pre-and post-transductional vorinostat increased luciferase expression, however, the enhancing effect of posttransductional vorinostat on Δ24-luc was more potent than that of pre-transductional vorinostat. This finding was consistent with our previous findings showing the effects of vorinostat on Ad-luc (replication incompetent adenovirus). After confirmation that pre-transductional vorinostat increased luciferase expression, we investigated the combination antitumor effects of Δ24, as well as pre-transductional vorinostat. In contrast to antagonistic interaction of Δ24 and pre-and post-transductional vorinostat, pre-transductional vorinostat induced additive to synergistic interaction.
From these observations, we concluded that administration of vorinostat before CRAd injection may improve the antitumor effect by increasing transduction of CRAd and avoiding the inhibitory effect of vorinostat on adenoviral replication. We are planning further experiments in an animal tumor model to determine the appropriate timing of vorinostat and CRAd administration for maximal antitumor effects.
